Residual lactose and galactose in fermented dairy foods leads to several industrial and health concerns. 16
Introduction 32
Lactose containing two moieties of glucose and galactose is the principal carbohydrate in 33 mammalian milks (Adam et al., 2004) . Most of the cultured dairy foods have been manufactured with 34 starter cultures including conventional starters and functional starters for improving the shelf life, 35 technological and nutritional aspects of milk products (Leroy and De Vuyst, 2004) . Conventional starters 36
including Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus (Lb. bulgaricus) and 37
Lactococcus lactis are typical dairy starters for fermenting milk due to their capabilities of fast 38 acidification, sufficient proteolysis, texture improvement and flavor enhancement (Buckenhuskes, 1993 ; 39 Leroy and De Vuyst, 2004) . Research related to probiotics has accelerated the use of probiotic bacteria as 40 functional starters for milk fermentation (Granato et al., 2010) . However, investigations in cultured dairy 41 foods and other milk products have highlighted the occurrence of lactose and galactose accumulation in 42 these products (Alm, 1982; Portnoi and MacDonald, 2009 ); although consumption of these products may 43 not result in symptoms of lactose intolerance and galactosemia, dairy products containing high level of 44 lactose and galactose are not recommended in diets for individuals with these problems (Silanikove et al., 45 2015; Van Calcar et al., 2014) . Moreover, accumulated galactose in fermented dairy products has been 46 associated with several industrial concerns including shoddier qualities of fermented product, browning in 47 pizza and textural defects in cheese (Neves et al., 2010; Wu et al., 2015) . Thus, efforts to remove or 48 reduce lactose and galactose would be of health and industrial importance. Removal of lactose from milk 49 generating lactose-free and lactose-reduced milk products could be achieved enzymatically or physically 50 (Harju et al., 2012; Jelen and Tossavainen, 2003) . Hydrolysis of lactose by lactase releases the moiety of 51 galactose from lactose, however, this process is not able to eliminate galactose from milk and thus 52 lactose-free milk products generated from this method is inhibited in diets of galactosemic individuals but 53 is acceptable for lactose-intolerant people. The second method for lactose removal involves various 54 chromatographic methods for the separation of lactose from other milk constitutes; this approach could 55 eventually produce lactose-free and galactose-free milk products (Harju et al., 2012) . However, these 56 g α-D-glucose (for MRS-glucose broth) or 20 g β-D-galactose-(1→4)-α-D-glucose (for MRS-lactose 125 broth) or 10 g β-D-galactose (for MRS-galactose broth), 2 g trisodium citrate dihydrate, 5 g sodium 126 acetate trihydrate, 0.1 g magnesium sulfate heptahydrate, 0.05 g manganese sulphate monohydrate, 2 g 127 potassium monohydrogen phosphate and 1 L of distilled water. The pH of the three broth media was 128 adjusted to 6.5 with 2 M hydrogen chloride and autoclaved at 121℃ for 15 min. 129
All the selected Lb. casei group strains and other LAB strains (Table 1) were firstly activated in 130 MRS-glucose broth three times at 37℃ for 18 h before inoculating (2%; v/v) the cultures to the MRS-no 131 sugar, MRS-glucose, MRS-galactose and MRS-lactose broths indivivisually. Optical density at the 132 absorbance of 600 nm was used to assess the growth of each bacterial strain cultivated in MRS-no sugar, 133 MRS-glucose, MRS-galactose and MRS-lactose broth as previously described (Wu et al., 2016) . Briefly, 134 a volume of 200 µL of each broth after inoculated with each culture was loaded into triplicate wells of 96-135 well microplates, followed by addition of 50 µL of sterile mineral oil to cover the surface of the broth. 136
Bacterial growth was monitored in Multiskan™ GO microplate spectrophotometer (Thermo Scientific) at 137 37℃ within 24 h. For sugar catabolic capacity tests, long-term (72-h) cultivation was carried out to 138 minimize the effect of inoculation size of different strains on their sugar utilization, and the volume of for 139 incubation in each broth was 10 mL in 14-mL tube. 140
Reconstituted skim milk fermentation 141
Skimmed milk powder was reconstituted with distilled water and was sterilized at 121℃ for 15 min 142 to kill all the bacteria including thermophiles and spore-forming Bacillus generally found in the milk 143 powder. Bacterial strains were cultivated in MRS-glucose medium at 37℃ for 18 h three times prior to 144 inoculation into the 8 mL of 10% (w/v) reconstituted skim milk (RSM; Nestlé ® Carnation ® Skimmed 145
Milk Powder consisting of 27 g protein and 42 g lactose per 100 g of the powder). The conditions for 146 milk fermentation were at 37℃ for 72 h without shaking. Independent experiments were performed in 147 triplicates, and samples were collected for analysis after fermentation. 148
Determination of sugars and acids 149
For the culture broths, MRS-lactose and MRS-galactose, centrifugation was carried out at 12,000 × 150 g and 4℃ for 10 min to obtain the cell-free supernatants; which were 10-fold diluted for HPLC analysis. 151
For the fermented milk, 1 g of fermented milk was diluted in 9 mL of distilled water and further 152 centrifuged at 5,000 ×g and 4℃ for 30 min to obtain the supernatants and 20 µL of 20% (w/w) acetic acid 153 was added to the diluted suspension if the milk was not coagulated with or that without bacterial 154 fermentation. All the clear supernatants containing sugars and acids were filtered through 0.20 µm filter 155
membrane. 156
Supernatants containing lactic and acetic acids were separated and quantified using HPLC (Model 157
Shimadzu LC-2010A, Shimadzu Corporation, Kyoto, Japan) equipped with Aminex HPX-87H HPLC 158 column (Bio-Rad) as previously described (Wu et al., 2016) . 159
Reducing sugars including lactose, glucose and galactose in the diluted samples were first 160 derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP) as previously described (Li and Shah, 2016) . 161
Briefly, 200 µL of sample was mixed with 200 µL of 0.6 M sodium hydroxide, followed by the addition 162 of 400 µL of 0.5 M PMP-methanol solution, and was vortexed thoroughly for 5 seconds. The mixture was 163 then kept in an oven at 70℃ for 90 min. After incubation, the mixture was placed in ice for 5 min and 400 164 µL of 0.3 M hydrogen chloride was added to neutralize the mixture. Chloroform (400 µL) was used to 165 extract residual PMP from the mixture and this process was repeated four times. The PMP-sugar 166 derivatives in the aqueous layer were passed through a 0.20 µm filter membrane, and were further 167 separated and quantified by HPLC (Model Shimadzu LC-2010A, Shimadzu Corporation, Kyoto, Japan) 168 equipped with Kromasil 5u 100A C18 column (250 mm × 4.6 mm; Phenomenex). The PMP-sugar 169 derivatives were eluted by a mixture of phosphate buffered saline (1X; pH 6.7) and acetonitrile in a ratio 170 of 83:17 (v/v) at a flow rate of 1 mL/min. The column temperature was maintained at 30 ℃ and the 171 absorbance was set to 245 nm. Standards (lactose, galactose, glucose) prepared in the range of 100 mg/L 172 to 4,000 mg/L were used to generate standard curves for quantitation. 173
Measurement of β-galactosidase activity in the whole cell 174
The β-galactosidase activity in the whole cell was measured with 2-nitrophenyl-β-D-175 galactopyranoside (ONPG) as previously described with minor modifications (Yu and O'Sullivan, 2014) . 176
Briefly, selected bacterial strains were first activated in MRS-glucose broth, and later inoculated in MRS-177 lactose broth at the size of 1% (v/v). Fresh bacterial cells at the log phase stage were used for this assay. 178
An aliquot of 100 µL of fresh cultures (OD 600 ) or medium (as blank) was added to 900 µL of Z buffer (60 179 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 ), followed by the addition of 10 µL of 180 chloroform and vortexed for 10 seconds. Then, 200 µL of a substrate solution (60 mM Na 2 HPO 4 , 40 mM 181 NaH 2 PO 4 , 4 mg/mL ONPG) was added and the mixture was incubated at 30℃ in a water bath for yellow 182 color development. The duration of reaction was determined by the OD 420 value reaching in the range of 183 0.6 to 0.9. If there was no yellow color development, the maximum incubation time was 90 min. The 
Results 193

T6P pathway is an ancient, species-specific pathway in Lb. casei group 194
The phylogenetic tree of lactic acid bacteria demonstrated a close genetic relationship among above 195 three species which were classified into Lb. casei group (Fig. S1 ). We observed the constant presence of 196 T6P pathway in all of the 187 sequenced strains of Lb. casei group of varying origin (Table 2 ). Based on 197 this survey, it was generally concluded that T6P pathway is species-specific in Lb. casei group. This 198 suggests that T6P pathway could catabolize lactose without accumulating galactose extracellularly ( 
Effects of lactose and galactose on the growth of Lb. casei group strains 211
Very limited information is available in regards to the lactose utilization capacity in Lb. casei group 212 strains compared to other LAB strains. A number of 12 strains of Lb. casei group of varying origins and 9 213 strains of other LAB strains of dairy origin were included in this study (Table 1) . Phenol-red lactose and 214 galactose utilization tests were carried out prior to fermentation studies. It is clear that the truncation of 215 lacG in lac-gal cluster in Lb. rhamnosus GG leads to the failure of its lactose catabolism ( Fig. S2 and 216 (Fig. S4) . Since three strains (GG, WQ2 and W14) of Lb. casei group 227 were negative for phenol-red lactose utilization test (Table 1) , it was also observed that their growth in 228 MRS-lactose broth was limited compared to that in MRS-no sugar broth. However, most of selected 229 lactose-utilization-positive strains of Lb. casei group had very similar curves of bacterial growth in MRS-230 lactose, MRS-galactose and MRS-glucose broths (Fig. S4) . In general, it is observed that the optical 231 density for Lb. casei group strains was higher than those of other selected strains grown in MRS-glucose 232 broth. Even in the MRS-no sugar broth, Lb. casei group strains could still replicate themselves (Fig. S4) ; 233 this may be due to their unique metabolisms of nitrogen such as catabolizable amino acids (Sezonov et al., 234 2007) . 235
Lb. casei group catabolize lactose with less galactose accumulation 236
As shown in Fig. 2A , lactose-utilization-positive Lb. casei group strains could produce high amount 237 of lactic acid, which is significantly (p < 0.05) higher than those from other 9 LAB strains grown in MRS-238 lactose broth. The production of acetic acid from heterofermentative Lb. casei group strains was very 239 limited (Fig. 2B) . This suggests that the activity of pentose phosphate pathway was low in these strains 240 whereas most of substrate -glucose-6-phosphate was metabolized via EMP pathway (Fig. 1C) . 241
Importantly, it was observed that dairy starter strains utilized less lactose but accumulated more galactose 242 than that of Lb. casei group strains (Fig. 2C-D) . It was noted that Lb. acidophilus group strains also 243 accumulated less galactose than Str. thermophilus and Lb. bulgaricus strains (Fig. 2D) . Moreover, there 244 was very limited amount of galactose accumulated in the medium inoculated with Lb. casei group strains 245 (Fig. 2D) . Overall, it was demonstrated that Lb. casei group strains catabolized lactose with less galactose 246 secretion. 247
β-Galactosidase activity was not detected Lb. casei group strains 248
As mentioned above, lactose-utilization-negative Lb. casei group strains (GG, WQ2 and W14) 249 failed in lactose utilization could be due to either the truncation of lacG or deficient in function of PTS Lac 250 (lacE and lacF). The autoclave temperature for MRS-lactose medium was 121℃ which partially broke 251 down lactose. Although the above three strains survived in the MRS-no sugar and MRS-galactose media 252 (Fig. S4) , the production of acids and reduction in galactose content by these organisms were still 253 observed (Fig. 3) . However, a significant (p < 0.05) reduction in lactose content by these strains (Fig. 3B)  254 was still observed. To understand the reason for this reduction, β-galactosidase activities of whole cells of 255 above strains and other selected strains were measured and the result is shown in Fig. 4 . Although these 256 strains were cultivated in MRS-lactose for cytosolic β-galactosidase induction, the β-galactosidase 257 activities of Lb. casei group strains were not detected within 90 min in the ONPG assay (Fig. 4) . This 258 indicates that Lb. casei group may not express β-galactosidase to hydrolyze lactose, but just applied T6P 259 pathway for lactose and galactose catabolism. 260 3.5 Lb. casei group catabolize galactose efficiently 261
Lb. casei group strains showed very positive indication for galactose utilization (Table 1 and Fig.  262   S4) . To understand its capacity to utilize galactose, we cultivated these strains and dairy starters in MRS-263 galactose broth. As shown in Fig. 5 , Lb. casei group strains including lactose-utilization-positive and 264 -negative strains could utilize almost all of the galactose in the medium after 72 hour of incubation. It is 265 noted that Lb. acidophilus group strains also utilized certain amount of galactose (Fig. 5C ). This indicates 266 that their Leloir pathway was more active than those of Str. thermophilus and Lb. bulgaricus strains, but 267 was still less effective than T6P pathway and Leloir pathway in Lb. casei group. In general, combination 268 of T6P pathway and Leloir pathway in Lb. casei group was very efficient in galactose catabolism. 269
Lactose depletion by Lb. casei group was lower than those by conventional dairy starters 270
MRS medium is an ideal medium for culturing Lb. casei group strains. To evaluate the capacity of 271 lactose utilization in the milk environment, these strains were inoculated in RSM and the results are 272 shown in Fig. 6 . Although a reasonable amount of lactic acid production from lactose-utilization-positive 273
Lb. casei group strains was detected, it was observed that less lactose was utilized by these strains than 274 those by dairy starters (Fig. 6A-B) . However, very limited amount (below 250 mg per 1 kg of fermented 275 milk) of galactose was detected in milk fermented by Lb. casei group strains, whereas high amount of 276 galactose was accumulated in milk by dairy starter fermentations (Fig. 6C) . 277
Since Lb. casei group strains were not typical starters for milk fermentation, co-cultures of these 278 strains with dairy starters including Str. thermophilus and Lb. bulgaricus was carried out for milk 279 fermentation. Co-culturing increased lactic acid production significantly (p < 0.01) from these organisms 280 compared to the fermentation using mono-culture of Str. thermophilus ASCC 1275 or Lb. bulgaricus 281 ASCC 756 alone (Fig. 6D) . Importantly, co-culturing of Str. thermophilus ASCC 1275 with Lb. casei 282 group (strains 290 or Shirota) reduced galactose content significantly (p < 0.01) compared to the 283 fermentation by the former strain alone, while lactose content was not significantly changed between 284 mono-culturing and co-culturing (Fig. 6E) . However, co-culturing of Lb. bulgaricus ASCC 756 with Lb. 285 casei group (strains 290 or Shirota) reduced lactose content significantly (p < 0.01) compared to the 286 fermentation by the former strain alone, while galactose content was also significantly (p < 0.01) changed 287 after co-culturing (Fig. 6F) . Thus, it appears that the interactions between dairy starters and Lb. casei 288 group strains vary from case to case. 289
The behavior of lactose-utilization-negative strains of Lb. casei group in milk is associated with 290 their Leloir pathway. Lactic acid production and galactose reduction were still observed in these 291 organisms (Fig. 6G-H) ; this suggests that their T6P pathway was responsible for galactose reduction in 292 milk. 293
Discussion 294
Residual lactose and galactose in fermented milk products can lead to several concerns in the 295 quality of dairy foods and health risk (Wu et al., 2015) . The present study aimed to evaluate the efficiency 296 of conventional dairy starters and other novel LAB strains for lactose and galactose reduction. Firstly, we 297 found the species-specific presence of T6P pathway in Lb. casei group (Table 2) T6P pathway in all the sequenced strains of Lb. casei group offering novel insights for lactose and 302 galactose catabolism in LAB at the species level (Fig. 1) . 303
Prior to the catabolism of lactose and galactose by T6P pathway, uptake of lactose and galactose 304 through PTS systems is the first step. Although transport assay and isotopic labeling-assisted metabolite 305 analysis have identified the presence of two specific PTS Gal and PTS Lac systems in Lb. casei group 306 (Bettenbrock et al., 1999; Chassy and Thompson, 1983a) , genetic elements encoding a PTS Gal system 307 have never been identified among this group. In addition, genes encoding lacZ and lactose permease or 308 lactose/galactose antiporter have also not been identified in the genome of this group strains (data not 309 shown). In a previous report, β-galactosidase activity in Lb. rhamnosus TCELL-1 was detected by 310 growing it in medium agar plate spreading 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside (X-Gal) on 311 its surface though the data or photo was not shown (Tsai and Lin, 2006) . This method generated blue 312 colonies if the bacteria exhibited β-galactosidase (β-gal) activity after incubation for at least 12 hours. 313 However, our ONPG assay, a standard method for measuring β-gal activity of whole bacterial cell, failed 314 to detect the β-gal activity of Lb. casei group strains within 90 min, though these organisms were pre-315 incubated in MRS-lactose broth. This suggests that β-gal activity of Lb. casei group was very limited; this 316 could be evidenced by the fact that lacG-deficient Lb. rhamnosus GG strain grown in MRS-lactose 317 medium could not utilize lactose efficiently (Fig. 3B) . A significant (p < 0.05) increase in the acetic acid 318 production and a significant (p < 0.05) decrease in the lactose content indicate that there was galactose 319 moiety after lactose hydrolysis metabolized through Leloir pathway (Fig. 3) . Hence, PTS Lac system and 320 T6P pathway contributes largely to lactose catabolism in Lb. casei group. 321
The presence of Leloir pathway in individual strains of Lb. casei group has been identified 322 previously (Bettenbrock and Alpert, 1998; Tsai and Lin, 2006 ). In addition, we found that Leloir pathway 323 is common in all the completely sequenced strains of LAB and Bifidobacterium in our previous 324 comparative KEGG survey (Wu et al., 2015) . Although gene encoding galactose permease was not 325 identified, the uptake activity by this permease was confirmed by transport assay for ptsH mutant strain of 326
Lb. casei 64H (Bettenbrock et al., 1999) . In addition, UDP-galactose and UDP-glucose generated from 327 Leloir pathway were largely less abundant than galactose-6-phosphate and tagatose-1,6-diP produced 328 from T6P pathway in Lb. casei 64H as revealed by thin layer chromatography. Similarly, mutants of this 329 organism with defects in T6P pathway contained very limited UDP-galactose and UDP-glucose 330 intracellularly (Bettenbrock et al., 1999) . This clearly confirms that T6P pathway contributes more to 331 galactose catabolism than Leloir pathway in Lb. casei group. Moreover, our sugar analysis also suggested 332 that Lb. casei group strains could utilize galactose efficiently (Fig. 5) . Overall, T6P pathway and PTS Gal 333 system are the major contributors to efficient galactose utilization in Lb. casei group. 334
Compared to conventional dairy starters, Lb. casei group strains catabolize lactose and galactose 335 with very limited galactose accumulated in the MRS-lactose medium, MRS-galactose medium and 336 skimmed milk (Fig. 2, Fig. 5 and Fig. 6 ). Cheeses normally contain less lactose and galactose than those 337 in yogurts or yogurt-like drinks because liquid whey from curds containing large amount of sugars is 338 drained off; further long-term ripening of cheeses allow bacterial metabolism for residual sugars (Hickey  339   et al., 2015) . Hence, Lb. casei group could be added to the curds before ripening process to manufacture 340 galactose/lactose-low cheeses that are suitable for lactose intolerant and galactosemic people. Unlike the 341 domesticated dairy starters, cell viability and metabolic activity of Lb. casei group cells in milk 342 environment are the important concerns for dairy industry before adopting as dairy starter (Buckenhuskes, 343 1993 ). However, it is possible to apply this group of strains as adjunct dairy starters since they have 344 dominated and classified as non-starter LAB in cheeses (Peterson and Marshall, 1990 ; Settanni and 345
Moschetti, 2010). Galactose-rich Mozzarella cheese leads to undesirable browning of the final pizza 346
product made with such cheese after baking process (Wu et al., 2015) . Our results showed that a 347 combination of Str. thermophilus and Lb. casei group is very promising for manufacturing galactose-348 reduced Mozzarella cheese (Fig. 6E) . Notably, it appears that the interacting behavior between Str. 349 thermophilus and Lb. casei group was different to that between Lb. bulgaricus and Lb. casei group; this is 350 evidenced by the sugar profiles (Fig. 6E-F 
Conclusions 363
Comparative genomic survey demonstrated species-specific characteristic of T6P pathway in Lb. 364 casei group for lactose and galactose catabolism. Although Leloir pathway has been confirmed for 365 galactose metabolism in this group, the undetectable β-galactosidase activity in Lb. casei group strains 366
suggests that very limited amount of lactose could be catabolized through β-galactosidase, Leloir pathway 367 and EMP pathway. Combining the efficient galactose utilization by this group, we conclude that T6P 368 pathway are the major contributor for utilizing lactose and galactose by Lb. casei group after uptake by 369
PTS
Lac or PTS Gal system. Importantly, this group catabolizes lactose with very limited galactose secretion 370 in MRS-lactose and RSM. Overall, Lb. casei group has the potential for reducing galactose accumulation 371 in fermented dairy foods. 372 
